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The Spacecraft Control Laboratory Experiment is a facility for the 
investigation of control techniques for large flexible spacecraft. The control 
problems to be studied are slewing maneuvers and pointing operations. The facility 
implements the salient characteristics of a flexible satellite with distributed 
sensors and actuators. 
The flexible satellite is represented by a continuous structure consisting of a 
large mass and inertia connected to a small mass and inertia by a slender, flexible 
beam. The structure is suspended by a single cable mounted to a universal joint at 
the system C. G. The sensors for the experiment consist of aircraft quality rate 
sensors and servo-accelerometers. The shuttle attitude will be determined through a 
combination of inertial measurements and optical sensing techniques. Actuators for 
the experiment consist of Control Moment Gyros, reaction wheels, and cold gas 
thrusters. Computational facilities consist of micro-computer-based central 
processing units with appropriate analog interfaces for implementation of the 
primary control system, the attitude estimation algorithm and the CMG steering law. 
Details of the experimental apparatus and the system software are presented in this 
paper . 
ABSTRACT 
A laboratory facility for the study of control laws for large flexible 
spacecraft is described in the following paper. The facility fulfills the 
requirements of the Spacecraft Control Laboratory Experiment (SCOLE) design 
challenge for a laboratory experiment, which will allow slew maneuvers and pointing 
operatlons. The structural apparatus is described in detail sufficient for 
modelling purposes. The sensor and actuator types and characteristics are described 
so that identification and control algorithms may be designed. The control 
implementation computer and real-time subroutines are also described. 
A modelling and control design challenge for flexible space structures has been 
presented to the technical community by the NASA and IEEE (ref. 1). The Spacecraft 
Control Laboratory Experiment (SCOLE) was constructed to provide a physical test bed 
€or the investigation and validation techniques developed in response to the design 
challenge. The control problems to be studied are slewing maneuvers and pointing 
operatlons. The slew is defined as minimum time maneuver to bring the antenna 
line-of-sight (LOS) pointing to within an error limit of the pointing target. The 
second control objective is to rotate about the line of sight and stabilize about 
the new attitude while keeping the LOS error within the bound 6. The SCOLE problem 
is defined as two design challenges. The first challenge is to design control laws, 
using a given set of sensors and actuators, for a mathematical model of a large 
antenna attached to the space shuttle by a long flexible mast. The second challenge 
is to design and implement the control laws on a structural model of the system in a 
laboratory environment. This report gives preliminary specifications of the 
laboratory apparatus so that interested investigators may begin design and 
simulation for the laboratory experiment. 
The laboratory experiment shown in figure 1 attempts to implement the 
definition of the modelling and control design challenge within reasonable limits of 
the 1-g atmospheric environment. The experimental facility exhibits the essential 
SCOLE characteristics of a large mass/inertia (space shuttle model) connected to a 
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small m a s s / i n e r t i a  (antennae r e f l e c t o r )  by a f l e x i b l e  beam. 
a c t u a t o r s  are typ ica l  of those which the c o n t r o l  des igner  would have t o  d e a l  wi th  on 
an a c t u a l  spacecraft .  
a c t u a t o r s ,  and computational c a p a b i l i t y  i n  order  t o  develop the  experiment i n  a 
t ime ly  and cos t -e f fec t ive  manner. To t h i s  end, t h e  basic s t r u c t u r e  is made of 
homogeneous, continuous elements. It is suspended from a steel cable  wi th  t h e  
p o s i t i v e  z-axis of the  s h u t t l e  po in t ing  up, thus  minimizing t h e  s ta t ic  bending of 
t he  antenna mast. The suspension poin t  is a two-degree-of-freedom gimbal f o r  p i t c h  
and r o l l  with yaw freedom supplied by the  suspension cable. The sensors  are 
a i r c r a f t  q u a l i t y  r a t e  sensors and servo-accelerometers. The s h u t t l e  a t t i t u d e  w i l l  
be determined through a combination of i n e r t i a l  measurements and o p t i c a l  sens ing  
techniques.  
Control sensors  and 
Some t r a d e s  are made i n  terms of s t r u c t u r e ,  sensors ,  
The s h u t t l e  cont ro l  moments are provided by a p a i r  of two-axis c o n t r o l  moment 
gyros (CMG's). Mast-mounted c o n t r o l  torques can be appl ied  by a p a i r  of two-axis 
r e a c t i o n  wheels. The reflector-based fo rces  are provided by solenoid-actuated cold- 
a i r  t h r u s t e r s .  Reflector mounted torque devices are a t r i o  of high-authority 
r e a c t i o n  wheels. Computational faci l i t ies  c o n s i s t  of micro-computer-based c e n t r a l  
p rocess ing  u n i t s  with appropr ia te  analog i n t e r f a c e s  f o r  implementation of t h e  
primary con t ro l  system, the  a t t i t u d e  e s t ima t ion  algorithm, and the  CMG s t e e r i n g  
law.  A l l  of the  elements which make up the SCOU experiment are described i n  d e t a i l  
i n  t h e  following text. 
The desc r ip t ion  of the  appara tus  covers f i v e  major groups: The b a s i c  
s t r u c t u r a l  elements are described and p e r t i n e n t  dimensions and s t r u c t u r a l  p r o p e r t i e s  
are provided. The sensor l o c a t i o n s  and t h e i r  dynamic p r o p e r t i e s  are presented. The 
a c t u a t o r  l o c a t i o n s  and estimated dynamic p r o p e r t i e s  are a l s o  given. The mass prop- 
ert ies of t he  combined s t r u c t u r e ,  sensor and ac tua to r  system are given. F ina l ly ,  
t h e  computing system and analog i n t e r f a c e s  are described. 
The con ten t s  of t h i s  r epor t  are considered accu ra t e  at the  time of 
pub l i ca t ion .  A l l  of t he  planned SCOLE components are implemented and are a v a i l a b l e  
t o  the  user  at  a raw s i g n a l  l e v e l .  However, due t o  continued refinement of some of 
t h e  components, s p e c i f i c  d e t a i l s  of the  system may change over the  l i fe - t ime of the  
experimental  apparatus. 
rnClURJlS 
The SCOLE is comprised of t h ree  bas i c  s t r u c t u r e s ,  t he  s h u t t l e ,  t he  mast, and 
the  r e f l e c t o r  panel. The assembly of t hese  ind iv idua l  components and the g loba l  
r e fe rence  frame are  shown i n  f i g u r e  2 .  
The s h u t t l e  planform is made from a 13/16-inch steel p l a t e  and has o v e r a l l  
dimensions of 83.8 by 54.0 inches. Its t o t a l  weight is 501.7 pounds. The s h u t t l e ' s  
center-of-mass is located 3.4 inches below the experiment's point of suspension, and 
26.8 inches  forward of the t a i l  edge ( f i g .  3 ) .  
The mast is 120 inches long. It is made from s t a i n l e s s  steel tubing and weighs 
4.48 pounds. One-inch t h i c k  manifolds are mounted t o  the  mast at  each end. The 
assembly of t hese  pa r t s  and t h e i r  dimensions are shown i n  f i g u r e  4 .  
The r e f l e c t o r  panel is hexagonal i n  shape, made from welded aluminum tubing, 
and weighs 4.76 pounds ( f i g .  5 ) .  It is loca ted  126.6 inches below the  SCOLE's po in t  
of suspension. The cen te r  of the  r e f l e c t o r  is loca ted  a t  12.0 inches i n  the  x 
d i r e c t i o n  and 20.8 inches i n  the  y d i r e c t i o n  from the  end of the mast. 
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The complete system is suspended from an 11-foot cable a t tached  a t  the  system 
center-of-gravity v i a  a un ive r sa l  j o i n t .  Roll  and p i t c h  r o t a t i o n a l  freedom is 
provided by pillow-block b a l l  bearings which have an estimated break-out torque of 
0.1 ft- lb.  The un ive r sa l  j o i n t  is shown i n  f i g u r e  6. It is f ixed  t o  the  s h u t t l e  
p l a t e ,  and the  system center-of-gravity is made t o  coincide with the  center-of- 
r o t a t i o n  by means of an a d j u s t a b l e  counter balance system. 
SENSORS 
The sensors  f o r  t he  experiment c o n s i s t s  of nine servo-accelerometers and two, 
3-axis r o t a t i o n a l  rate sensing uni t s .  An o p t i c a l  sensor  w i l l  provide yaw a t t i t u d e  
of t h e  s h u t t l e .  The power supp l i e s  f o r  these  sensors  are mounted on t he  s h u t t l e  
p l a t e  t o  minimize the  number of large gauge wires which must c ross  the  u n i v e r s a l  
j o i n t  suspension point. Only a s ingle  115 VAC cable and 33 s i g n a l  wires c r o s s  the  
un ive r sa l  j o i n t .  The wires f o r  the  sensors  are routed on t he  s h u t t l e  and along t h e  
mast . 
Accelerometers 
A l l  nine accelerometers have a frequency response which is nea r ly  f l a t  up t o  
350 Hz. L i n e a r i t y  i s  wi th in  0.17 percent of the  fu l l - s ca l e  output. A t y p i c a l  
c a l i b r a t i o n  is presented i n  f i g u r e  7. I nd iv idua l  c a l i b r a t i o n s  are a v a i l a b l e  on 
reques t .  
The shuttle-mounted accelerometers shown i n  f i g u r e  8a sense the  x, y, and z 
a c c e l e r a t i o n s .  These sensors  are d i s t r i b u t e d  away from the  suspension poin t  t o  a i d  
i n e r t i a l  a t t i t u d e  estimation. The loca t ions  and s e n s i t i v e  a x i s  are shown i n  
f i g u r e  8b. 
The mast-mounted accelerometers shown i n  f i g u r e  9a sense x and y a c c e l e r a t i o n  
a t  l o c a t i o n s  about one-third of the mast l eng th  from each end. The pos i t i ons  and 
sens ing  axis of the  devices are shown in f i g u r e  9b. 
The reflector-mounted accelerometers are shown i n  f i g u r e  loa. They are 
pos i t i oned  i n  the  center  of the  r e f l e c t o r  below the  t h r u s t e r s  and sense the x and y 
a c c e l e r a t i o n s .  The coord ina tes  and sens ing  a x i s  of the devices  are shown i n  
f i g u r e  lob. 
Rate Sensors 
The r o t a t i o n a l  rate sensors  are three-axis ,  a i r c r a f t - q u a l i t y  instruments.  The 
frequency response is approximately f l a t  t o  1 Hz and -6 db a t  10 Hz. L i n e a r i t y  i s  
about 0.6 percent f u l l  scale. A t y p i c a l  c a l i b r a t i o n  is shown i n  f i g u r e  11. The 
range is  60 deg/sec €or the  yaw and p i t c h  a x i s  and 360 deg/sec. f o r  r o l l .  
t h re sho ld  is 0.01 deg/sec. 
The 
The shuttle-mounted rate sensor package, shown i n  f i g u r e  12a, senses  
three-axis ,  r i g i d  body angular rates of the  s h u t t l e  p l a t e .  
sens ing  axis are presented i n  f igure  12h. 
Its coord ina tes  and 
The mast-mounted rate sensor package, shown i n  f igu re  13a, senses three-axis 
angular  rates at the r e f l e c t o r  end of t he  mast. I ts  coord ina tes  and sensing a x i s  
are presented i n  f i g u r e  13b. 
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The sensor  information required f o r  c o n t r o l  system design is summarized in 
Table I. The sensor type i s  l i s t e d  in column 2, and its sensed v a r i a b l e  is l i s t e d  
in column 3. The analog i n t e r f a c e  channel i s  l i s t e d  next. The coord ina tes  of t he  
p a r t s  with r e spec t  to t h e  un ive r sa l  j o i n t  are l i s t e d  in the next t h ree  columns. The 
s e n s i t i v i t i e s  in terms of analog-to-digital  conver te r  u n i t s  are l i s t e d  next. The 
e r r o r  list shows the RMS devia t ion  of the rate sensors  o r  the percentage of f u l l -  
scale l i n e a r i t y  e r r o r  f o r  t he  accelerometers.  The l i n e a r  range of the  instruments 
is l i s t e d  in t he  next-to-last column. 
OPTICAL SENSOR 
An o p t i c a l  sensor w i l l  be provided t o  determine yaw a t t i t u d e  of the  s h u t t l e .  
The o p t i c a l  sensor  is a planar  photo-diode with appropr i a t e  o p t i c s  mounted on t h e  
ground. The outputs of the  sensor are propor t iona l  t o  the  pos i t i on  of an in fa red  
l i g h t  source on t he  s h u t t l e .  The sensor d a t a  is processed by a dedicated micro- 
c o n t r o l l e r  and then sen t  t o  the  main CPU over a serial d a t a  l i n k  f o r  t ransformat ion  
t o  a t t i t u d e  angles.  No photographs or  c a l i b r a t i o n  da ta  are a v a i l a b l e  f o r  t h i s  
device.  
ACTUATORS 
The a c t u a t o r s  cons is t  of both propor t iona l  and on-off c o n t r o l l e r s .  S h u t t l e  
a t t i t u d e  c o n t r o l  is provided by a p a i r  of two-axis con t ro l  moment gyros (CMG's). 
Mast v i b r a t i o n  suppression can be achieved wi th  a p a i r  of orthogonally mounted reac- 
t i o n  wheel a c t u a t o r s  pos i t ioned  a t  two s t a t i o n s  on the mast. Re f l ec to r  fo rces  are 
provided by four  cold gas je ts .  Ref l ec to r  torques are provided by th ree  ortho- 
gonal ly  mounted reac t ion  wheels a t  the end of the mast. As with the  sensors ,  a l l  
dev ices  are i n e r t i a l ,  and the  power supp l i e s  and a m p l i f i e r s  are mounted on the  
s h u t t l e .  F i f t e e n  command s i g n a l  wires c ross  the  un ive r sa l  j o i n t .  A l l  a c t u a t o r s  
were manufactured i n  house. 
Control lbrent Gyros 
The CMC's each have two gimbals which are equipped with ind iv idua l  d i r e c t  d r ive  
DC torque motors. The momentum wheel is mounted i n  the  inner  gimbal and dr iven  by 
two permanent magnet DC motors. The nominal ope ra t iona l  momentum is about 2.5 f t -  
lb-sec. The gimbal torque motors a re  driven by cu r ren t  ampl i f i e r s  so the output 
to rque  w i l l  be proportional t o  the  command vol tage  sen t  t o  the  ampl i f ie r .  The 
gimbal t o rque r s  w i l l  produce +/- 1.5 f t - l b s  a t  f requencies  up t o  1kHz. The gimbals 
are instrumented w i t h  tachometers and sine-cosine poteniometers t o  f a c i l i t a t e  
decoupled c o n t r o l  of the  s h u t t l e  a t t i t u d e  angles.  A dedicated computer w i l l  be used 
t o  con t ro l  the  CMG gimbals. Routines w i l l  be provided so t h a t  u se r s  may command 
decoupled s h u t t l e  torques o r  gimbal torque commands. 
The s e n s i t i v i t y  c a l i b r a t i o n  curve of a t y p i c a l  gimbal motor is shown in 
f i g u r e  1 4 .  No other  c a l i b r a t i o n  da ta  are a v a i l a b l e  f o r  t he  CMG's. 
The forward CMC is shown in f igu re  15a. Note t h a t  t he  ou te r  gimbal is fixed 
and p a r a l l e l  t o  t he  p i t ch  axis of the s h u t t l e .  T h e  inner  gimbal is nominally orien- 
t e d  so t h a t  the  sp in  a x i s  of the momentum wheel is p a r a l l e l  t o  t he  s h u t t l e  z-axis. 
The second CMG is mounted a t  the rear of the  s h u t t l e  so t h a t  the ou te r  gimbal is 
p a r a l l e l  t o  t h e  z-axis. The inner  gimbal is nominally o r i en ted  so t h a t  the  r o t o r  
s p i n  axis is p a r a l l e l  t o  the s h u t t l e  x-axis. The coord ina tes  and nominal axis of 
a c t u a t i o n  of t he  CMG's are shown i n  f i g u r e  15b. 
Reaction Wheels 
The mast-mounted r e a c t i o n  wheels c o n s i s t  of aluminum d i s k s  wi th  i n e r t i a  of 
about 0.00027 lb-ft-sec2 mounted d i r e c t l y  on the  d r i v e  s h a f t  of a 20 oz-in 
permanent magnet DC motor. The motors are powered by high bandwidth cu r ren t  
ampl i f i e r s .  A torque s e n s i t i v i t y  plot is presented i n  f i g u r e  16. No o t h e r  
c a l i b r a t i o n  d a t a  are ava i l ab le .  A t yp ica l  r e a c t i o n  wheel assembly is shown i n  
f i g u r e  17a. The two a c t u a t o r  loca t ions  and t h e i r  ax is  of ac tua t ion  are shown i n  
f i g u r e  17b. 
The mast end mounted r eac t ion  wheels c o n s i s t  of D C permanent magnet pancake 
motors which are mounted with t h e  armature f ixed  t o  the  s t r u c t u r e .  The s t a t o r  and 
case of the  motor are allowed t o  r o t a t e  v i a  a s l i p  r ing  assembly, thus providing 
high i n e r t i a  mass t o  f ixed  mass ef f ic iency .  
The motors are powered by high bandwidth cur ren t  ampl i f i e r s .  The torque  
c a p a b i l i t y  of these  devices  is estimated t o  be about 50 oz-in. No s e n s i t y  p lo t  o r  
o the r  c a l i b r a t i o n  da ta  is presen t ly  ava i l ab le .  The three-axis r e a c t i o n  wheel 
assembly is shown i n  f i g u r e  18a. The a c t u a t o r  l oca t ions  and t h e i r  axis of a c t u a t i o n  
are shown i n  f i g u r e  18a. 
Thrusters 
The con t ro l  fo rces  on the r e f l e c t o r  are provided by solenoid ac tua ted  cold gas 
jets. The t h r u s t e r s  are mounted i n  the cen te r  of the r e f l e c t o r  and act in the  x-y 
plane. The je t s  are supplied by a compressed a l r  tank mounted on t he  s h u t t l e .  The 
pressur ized  a i r  t r a v e l s  through the mast t o  the  solenoid manifold, which ga te s  t h e  
a i r  flow between the  regula ted  supply tank and the  t h r u s t e r s  as shown in f i g u r e  19. 
Thrust is i n i t i a t e d  by opening the solenoid with a d i s c r e t e  command. The rise t i m e  
and t r a n s i e n t  o s c i l l a t i o n  of t h rus t  is shown i n  f igu re  20. The magnitude and dura- 
tion of t he  t h r u s t  before the  air  supply is depleted at 60-psi nozzle pressure  is 
shown in f i g u r e  21. The pe r t inen t  data from f i g u r e s  20 and 21 are tabula ted  i n  
Table 11. 
The t h r u s t e r s  are shown in f igure  22a. Thei r  l oca t ion  and a x i s  of ac tua t ion  
are shown in f i g u r e  22b. 
The a c t u a t o r  information required f o r  con t ro l  system design is summarized i n  
Table 111. The ac tua to r  type and d i r e c t i o n  of a c t i o n  are l i s t e d  i n  Column 2. The 
analog i n t e r f a c e  channels are l i s t e d  i n  Column 3. The coord ina tes  of the  devices  
are l i s t e d  i n  the  next t h ree  columns. The s e n s i t i v i t i e s  of the a c t u a t o r s  i n  terms 
of d ig i ta l - to-ana log  conver te r  u n i t s  are shown i n  Column 7. An estlmate of the  
t h r u s t e r  RMS dev ia t ions  exhib i ted  in f i g u r e  19 is presented as e r r o r  da ta .  No o t h e r  
e r r o r  d a t a  are ava i l ab le .  The maximum range of t he  system a c t u a t o r s  is shown i n  the  
next-to-last  column. 
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The p o s i t i o n  and weight of t he  var ious  p ieces  of equipment, which c o l l e c t i v e l y  
form t h e  SCOLE apparatus, are cataloged i n  Table IV. Distances are measured from 
t h e  poin t  of suspension t o  the  approximate center-of-mass of each component. 
major component is l l s t e d  i n  the  second column of t he  t ab le .   he x, y, z 
coord ina te s  are l i s t e d  next. The weight of each component is l i s t e d  i n  Column 6. 
The remaining columns are the  mass moments and moments of i n e r t i a .  The t o t a l s  f o r  
t h e  complete system are presented on the  bottom row. 
Each 
The main computer f o r  con t ro l  l a w  implementation will be a micro-computer based 
on the  Motorola M68000 microprocessor. The computer has 2.0 M-byte of random access 
memory and a 40 M-byte hard disk. The opera t ing  system is based on UNIX with C, 
For t r an  and Pasca l  compilers a v a i l a b l e  f o r  a p p l i c a t i o n s  programmlng. The computer 
has 12 serial po r t s  and 1 p a r a l l e l  port. Terminals are connected on four  of t h e  
p o r t s  and an answer-only modem is a t tached  t o  another.  One por t  is used f o r  an 
or ig ina te -only  modem. A l i n e  p r i n t e r  is a t tached  t o  another port. The o p t i c a l  
sensor  is connected t o  a serial port .  The IEM PC, which is used t o  d r i v e  the CMG’s,  
Is a l s o  connected to  a serial port. 
Analog l n t e r f a c e s  cons l s t  of a four -b i t ,  output-only d i s c r e t e  channel: an 8 
b i t  d l s c r e t e  output port, an 8-bit d l s c r e t e  lnput port, 8 digital-to-analog 
conver te rs ,  and 64 analog-to-digital  converters.  A l l  conver te rs  are 12-bit devices  
wi th  a range of +/-love 
CMG con t ro l  software requlred f o r  the  PC should be r e l a t i v e l y  t r anspa ren t  t o  the  
c o n t r o l s  des igner  who w i l l  be opera t ing  on the  CRDS computer. 
These i n t e r f a c e s  are shown schemat ica l ly  i n  f i g u r e  23. The 
Subroutlnes for  accessing the  analog i n t e r f a c e s  and setting the  d i g l t a l  
sampllng l n t e r v a l  are described i n  Appendix A. The most commonly used rou t ines  are 
l i s t e d  below. 
For access ing  the analog devices:  
getadc - read the analog-to-digi ta l  conve r t e r s  
s e t d a c  - set the  dlgital-to-analog conver te rs  
t h r u s t  - set the  cold-gas t h r u s t e r s .  
To c o n t r o l  the  sampling l n t e r v a l :  
of a real-time loop. 
rtlme - s e t s  the sample perlod marks the beginning 
A time-line of the  synchronization of t he  sample i n t e r v a l  using the r o u t i n e  
rtlme and the  analog i n t e r f a c e  rou t ine  usage is shown i n  f i g u r e  24. The bas l c  
ope ra t ion  is as follows: 
The use r  flrst calls rtlme with flag=.true. ,  and a v a l i d  sample l n t e r v a l .  
Af t e r  setting the  timer period, the  rou t ine  starts the  user ’s  real-time 
r o u t i n e  and the  i n t e r v a l  clock. The user  rou t ine  w i l l  use some o r  a l l  of 
the  subroutine c a l l s  shown. When the  use r  computatlons and a c t u a t o r  
commands are complete, the  rou t ine  must r e t u r n  t o  the  top of the  real-time 
loop and once again c a l l  rtime. I f  t h i s  occurs before the  end of the 
sample i n t e r v a l ,  the time-out condi t ion  w i l l  be l n h l b i t e d  and rtime w i l l  
w a i t  f o r  the next rlslng edge of the  sample l n t e r v a l  clock and then r e t u r n  
6 
. 
t o  the  c a l l i n g  program. If  the  use r  computations take longer  than the  
sample i n t e r v a l ,  a time-out condi t ion  w i l l  be s ignaled t o  the opera tor  
when rtime is cal led.  The user  may choose t o  ignore the  condi t ion and 
continue or  may take spec i f i c  s t e p s  t o  a l l e v i a t e  the condition. 
The procedure f o r  logging on t o  t he  computer is as follows: 
Set communication parameters t o  1200 baud, 7 b i t ,  even pa r i ty .  
D i a l  i n  t o  the  Langley data communication switching system at 
804-865-4037. When connected, type a carriage re turn .  
To the  system prompt "ENTER RESOURCE CODE" type " a c r l  . ** 
Wait u n t i l  "GO" and the "name:" prompt appear on the screen. 
Type i n  your log-in information. All i n v e s t i g a t o r s  will be given a three- 
let ter log-in name (usua l ly  the un ive r s i ty  a f f i l i a t i o n )  . 
Some usefu l  system commands are l i s t e d  below: 
To t r a n s f e r  a f i l e  t o  the experiment computer from a smart terminal, type 
cat> file- <cr> and then enable the  upload funct ion of t he  local 
terminal .  When the  upload is complete, type <cntl>d. 
To t r a n s f e r  a f i l e  from the experiment computer t o  a smart terminal ,  type 
cat file- then enable the download func t ion  of the l o c a l  terminal  and 
type  a <cr>. 
To list the contents  of a d i r ec to ry ,  type 1 <cr>. 
To look at a f i l e ,  type p filename, 
To compile a FORTRAN program and l i n k  with real-time system commands and 
TCS graphics ,  type frt filename!. 
Note: file- must have the  extension .for. The executable code w i l l  be 
under filename without the . for  extension. To run, simply type  filename 
without any extension. 
To list the  system commands, type 1 /bin. 
command, type describe comand- 
t o  ge t  a desc r ip t ion  of any 
System user  guides w i l l  be avai lab le  upon request from the Spacecraft  Control 
Branch, MIS 161, NASA Langley Research Center,  Hampton, VA, 23665-5225. Other 
d e t a i l s  f o r  operat ing i n  a real-time mode w i l l  be provided a t  the t i m e  of 
implementation. 
The SCOLE labora tory  f a c i l i t y  is an experimental  apparatus  which permits 
ground-based inves t iga t ion  of i d e n t i f i c a t i o n  and cont ro l  a lgori thms fo r  l a rge  space 
s t r u c t u r e s .  The f a c i l i t y  e x h i b i t s  s t r u c t u r a l  dynamics similar t o  those expected on 
the l a rge  satellites. The sensors  and ac tua to r s  a r e  t y p i c a l  of those,  which may be 
used on an opera t iona l  s a t e l l i t e .  The computational system is reasonably sized with 
cu r ren t  technology processors  and permits ready access t o  the f a c i l i t y  f o r  
i n t e r e s t e d  inves t iga to r s .  
7 
The description of the structural assembly, the sensor and actuator 
configuration, and eoftware provided in thie paper should be sufficient for SCOLE 
investigators to begin designing identification and control algotithms for the SCOLE 
facility. 
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APPENDIX 
REAL-TIME SYSTEM SUBROUTINES 
Analog 1/0 system command. 
NAME: 
getadc Samples the analog-to-digital converters. 
COMMAND : 
getadc [-SI 
DESCRIPTION: 
This command is used to sample the analog-to-digital converters and display selected 
channels at the terminal. 
so a single bit is worth .00049 units. The channels to be displayed are selected 
with the -s option. This option displays a menu which allows the user to set the 
print flags for the individual ADC channels. Specific choices are: 
The +/- 10.0 volt input range is scaled to +/- 1.0 units 
1) turn on all print flags, 
2) turn off all print flags, 
3)  turn on a range of print flags, 
4) turn off a range of print flags, 
5 )  display current print flags, 
6 )  save current print flags. 
If the command is executed without the -s option, the last set of print flags is 
used to selectively display the ADC channels. 
USES : 
getadc.flags 
DIRECTORY: 
/bin 
SOURCE : 
/usr/csc/ele/getadc. c 
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Analog 1/0 system command. 
NAME: 
getadc Samples the  analog-to-digital  converters.  
COMMAND : 
getadc [-SI 
DESCRIPTION: 
Th i s  command is  used t o  sample the  analog-to-digital  conver te rs  and d i sp lay  s e l e c t e d  
channels a t  t he  terminal. The +/- 10.0 v o l t  input  range is scaled t o  +/- 1.0 u n i t s  
so a s i n g l e  b i t  i s  worth .00049 uni t s .  The channels t o  be displayed are s e l e c t e d  
wi th  the  -s option. This option d i sp lays  a menu which allows the  user  t o  set t h e  
p r i n t  f l a g s  f o r  the ind iv idua l  ADC channels. S p e c i f i c  choices are: 
1) t u r n  on a l l  p r i n t  f l a g s ,  
2) t u rn  off a l l  p r i n t  f l a g s ,  
3) tu rn  on a range of p r i n t  f l a g s ,  
4) t u rn  off a range of p r i n t  f l a g s ,  
5) d i sp l ay  cu r ren t  p r i n t  f l a g s ,  
6)  save current p r i n t  f l ags .  
I f  the  command is executed without the -8 opt ion ,  the  l a s t  set of p r i n t  f l a g s  i s  
used t o  s e l e c t i v e l y  d i sp lay  the  ADC channels. 
USES: 
ge t  adc. f l a g s  
DIRECTORY: 
/b in  
SOURCE : 
/us r /csc /e le /ge tadc .  c 
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Analog 1/0 system command. 
NAME: 
setdac Sets the digital-to-analog converters. 
COMMAND : 
setdac [-SI [-01 
DESCRIPTION: 
This command is used to set the voltage on a range of digital-to-analog output 
channels. The +/- 1.0 unit output range is scaled to +/- 10.0 volts so a single 
unit is worth -0049 volts. The channels to be set are selected by executing the 
command with the -8 option. This option displays a request for the range of 
channels to be set, and then queries for individual channel values in terms of 
units. 
option. 
All DAC channels may be set to zero by executing the command with the "-0" 
USES : 
Nothing . 
DIRECTORY : 
/bin 
I .  
SOURCE : 
/usr/csc/ele/setdac.c 
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UNOS system command. 
NAME: 
lterm Terminal emulator. 
COMMAND : 
term [-SI [-SI 
DESCRIPTION: 
This  command connects the  user  terminal  t o  the  Langley c e n t r a l  da t a  communication 
switch at  1200 baud. This is a dumb terminal  emulator which provides rudimentary 
f i l e  t r a n s f e r  capab i l i t i e s .  No a t tempt  is made t o  emulate con t ro l  codes of any 
p a r t i c u l a r  terminal f o r  e d i t i n g  purposes. 
The emulator commands are as follow: 
@ 
! To download a f i l e .  
A To upload a f i l e .  
? For help. 
Return to  UNOS (opera t ing  system.) 
- To excute a system command. 
The opt ions  are: 
-6 300 baud 
-S 900 baud 
Upload means t o  t r ans fe r  a f i l e  from the Charles River computer t o  the  remote 
computer. The remote computer must have some mechanism f o r  rece iv ing  the  t e x t .  
Download means t o  t r ans fe r  a f i l e  from the  remote computer t o  the  Charles Rlver 
computer. No attempt is made t o  check f o r  ex is tence  of the  rece iv ing  f i l e  name 
before  saving the downloaded f i l e .  
USES : 
/doc/cmds/lterm.help 
DIRECTORY : 
/ b i n  
SOURCE : 
/ j pw/ l term. c 
1 2  
Analog 110 system command. 
NAME: 
8751 test Test the serial communication link to the 8751 boards. - 
COMMAND : 
8751 test - 
DESCRIPTION: 
This command facilitates verification and calibration of the 8751 micro-controller 
interface over the RS-232 serial ports. The command queries for voltages to be 
output by the digital-to-analog converters on the 8751 boards. The data input is in 
terms of units with 2047 equal to 9.9951 volts and -2048 equal to -10,0000 volts. 
If the input line contains only one value, all active boards are sent that value. 
Otherwise, individual values are sent. 
USES : 
notint() 
motsub() 
DIRECTORY: 
/bin 
SOURCE : 
/usr/rdb/8751 - test. for 
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Analog 1/0 system subroutine. 
NAME: 
getad4 1 ( C callable Sample a range of analog-to-digital converters. 
CALL : 
int error, first adc, last - adc; 
float adc data pzinter; 
int getad;( fi&t adc, last - adc, Ladc data pointer) 
error = getadc( fyrstadc, last - adc, xadc - Tatagointer) 
DESCRIPTION: 
Thls subroutine samples a range of analog-to-digital converters. 
input range is scaled to +/- 1.0 units so a single bit is worth .00049 units. The 
arguments are : 
First converter to be sampled (numbering starts from 
zero . ) 
The +/- 10.0 volt 
first - adc (int) 
last - adc 
dadc - data - pointer (*) Starting location for storing sample data. 
(lnt) Last converter to be sampled (maximum is 63.) 
Data are 
floating point values with a range of +/- 1.0. 
RETURNS : 
error - 0 indicates valid transfer. 
error = lndicates bad range. 
USES : 
Nothing 
LIBRARY: None 
SOURCE : 
/usr/csc/ele/getadc-c.c 
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Analog 1/0 system subroutine. 
NAME: 
setdact) ( C callable Set a range of digital-to-analog conveters. 
CALL : 
int error, first dac, last dac; 
float dac data pointer; 
int setdac( first dac, last dac, & dac data pointer ) 
DESCRIPTION: 
This subroutine sets a range of digital-to-analog converters. The +/- 1.0 unit 
output range is scaled to +/- 10.0 volts so a single unit is worth ,0049 volts. 
arguments are: 
The 
ffrst dac (int) First converter to be set (numbering starts from 
zero.) 
last dac (int) Last converter to be set (maximum is 7.) - 
&dac - data - pointer (*) Starting location DAC data. Data are floating point 
values with a range of +/- 1.0. 
RETURNS : 
error = 0 Indicates valid transfer. 
error =-I Indicates bad range. 
error > 0 Indicates "error" number of data words out of range. 
USES : 
Nothing . 
LI B U R Y  : 
None . 
SOURCE : 
/usr/csc/ele/setdac - c.c 
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Analog 1/0 system subroutine. 
NAME: 
getadc() ( Fortran callable ) Sample a range of analog-to-digital 
converters. 
CALL : 
integer error, getadc 
error = getaddfirst-adc, last - adc, 
DESCRIPTION: 
This subroutine samples a range of analog-to-digital converters. The +/- 10.0 volt 
input range is scaled to +/- 1.0 units so a single bit is worth .00049 units. The 
argument s are : 
first - adc (integer) First converter to be sampled (numbering starts from 
zero.) 
last - adc (integer) Last converter to be sampled (maximum is 63.) 
adc - data - array (real) Starting location for storing sample data. 
floating point values with a range of +/- 1.0. 
Data are 
RETURNS : 
error = 0 indicates valid transfer. 
error -1 indicates bad range. 
USES : 
getadc - w.j . 
LIBRARY: 
/lib/acrl - -  rt lib - f.j 
SOURCE : 
/usr/csc/ele/getadc - f . c  
L 
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Analog I/o system subrout ine.  
setdac0 ( For t ran  c a l l a b l e  Set  a range of digi ta l - to-analog 
conver te rs .  
CALL: 
i n t e g e r  e r r o r ,  se tdac  
e r r o r  = se tdac(  first - dac, last-dac, dac - d a t a  - a r r r a y  ) 
DESCRIPTION: 
This  subrout ine  sets a range of dlgital-to-analog conver te rs .  The +/- 1.0 u n i t  
output  range is scaled t o  +/- 10.0 vo l t s  so a s i n g l e  u n i t  is worth ,0049 v o l t s .  The 
arguments are : 
f i rs t -dac ( i n t e g e r )  F i r s t  converter t o  be set (numbering starts 
from zero.) 
last - dac 
dac - d a t a  - a r r a y  ( r e a l )  S t a r t i ng  loca t ion  DAC da ta .  
( i n t e g e r )  Last converter t o  be set (maximum is  7.)  
Data are f l o a t i n g  poin t  
va lues  with a range of +/- 1.0. 
RETURNS : 
e r r o r  = 0 I n d i c a t e s  v a l i d  t ransfer .  
e r r o r  =-1 I n d i c a t e s  bad range. 
error > 0 I n d i c a t e s  "error"  number of d a t a  words out  of range. 
USES: 
s e t d a c  - w. j 
LIBRARY: 
/ l i b / a c r l  - -  rt lib-f.j 
SOURCE : 
/usr/csc/ele/setdac-f.c 
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Analog I / O  system subroutine. 
NAME: 
rotsub() ( Fortran c a l l a b l e  Send scaled vol tages  t o  the  8751 
micro-control lers  which i n  turn  set 
indiv idua l  DACs. 
CALL : 
i n t ege r  torque 
cal l  motsub ( torque ) 
DESCRIPTION: 
This subrout ine sends the motor torque command da ta  to  t h e  8751 micro-control ler  
boards which i n  turn  load the da t a  i n t o  the digital-to-analog converters .  
torque(6)  ( in t ege r )  Array of dimension 6 which contains  the  scaled da ta  
t o  be output on the 8751 DAC's. The range of the  d a t a  
is  +2047 f o r  +9.9951 v o l t  output t o  -2048 f o r  -10.0000 
v o l t  output  . 
REQUIRES : 
C a l l  t o  motint . 
RETURNS : 
Nothing . 
USES : 
motsub w. j - 
LIBRARY: 
/ l i b / a c r l  rt l i b  f . j  - -  - 
SOURCE : 
/jpw/8751COM/torsub.c 
c 
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Analog I / O  system subroutine. 
NAME: 
finish() ( Fortran callable Close serial ports to 8751s. 
CALL: 
finish() 
DESCRIPTION: 
This subroutine closes the serial communication lines to the 8751s. There are no 
arguments. 
RETURNS : 
Nothing . 
USES : 
f inlsh w. j . - 
LIBRARY: 
/lib/acrl - -  rt lib - f . j  
SOURCE : 
/ j pw/87 5 1 COM/ tor sub . c 
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Analog 1/0 system subroutines. 
NAME: 
thrust ( Fortran callable ) Set the discrete ports to activate the 
thrusters . 
CALL : 
integerY thrust = thrust ( x,y ) 
DESCRIPTION: 
This subroutine sets the states of the four discrete outputs on the Parallel 
Interface/Timer. It was designed for the thrusters on the SCOLE facility. The 
arguments can have one of three values: 1, 0, or -1 corresponding to positive, 
none, and negative thrust respectively. 
The arguments are: 
x (integer) State of x thruster. 
y (integer) State of y thruster. 
REQUIRES : 
Nothing . 
RETURNS : 
Nothing. 
USES : 
thrust w.j - 
LIBRARY: 
/lib/acrl rt l i b  f. - -  - 
SOURCE : 
/jpw/TIMER/pitdsc. j 
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Analog I / O  system subroutine.  
NAME: 
r t i d  1 ( f o r t r a n  c a l l a b l e )  Mark t h e  s t a r t  of t he  real-time loop and 
change the  sample t i m e  i n t e r v a l  i f  required.  
CALL : 
call  r t ime( t au , f l ag ,k )  
DESCRIPTION: 
An i n t e r n a l  memory mapped timer is used t o  con t ro l  the  timing of real-time 
o p e r a t i o n s  i n  the  Charles River Computer. 
gene ra t e  a start pulse  and a s top  pulse f o r  each sampling i n t e r v a l  of the  c o n t r o l  
process.  The maximum i n t e r v a l  is eighty-five seconds and the  minimum i n t e r v a l  is 5 
micro-seconds. The timer Is a Motorola M68230 P a r a l l e l  I n t e r f a c  Timer (PI/T) which 
provides  v e r s i t i l e  double buffered p a r a l l e l  i n t e r f a c e s  and 24-bit programmable t i m e r  
f o r  M68000 systems. 
Note: The ca l l  t o  r t imeo  should be made j u s t  i n s ide  the  real t i m e  loop. The 
arguments are: 
The programmable clock is required t o  
t a u  ( rea l )  is the  sample period, 
f l a g  ( l o g i c a l )  is the  ind ica to r  t o  e i t h e r  maintain t h e  same va lue  of t au  o r  
k ( i n t e g e r )  is  the  t imou t  parameter. If k is re turned  from rtime 
pass i n  a new value,  
conta in ing  a 1, t h i s  i nd ica t e s  a normal r e tu rn .  I f  k is returned a 0 ,  
a timout has occurred, and appropr i a t e  ac t ion  should be taken. The 
user  must supply h i s l h e r  own timout procedure. 
REQUIRES : 
Nothing . 
RETURNS : 
k 
LIBRARY : 
/ l i b / a c r l  - -  rt  l i b  - f . j  
Add " /jpw/rtime.obj *' to FORTRAN compile command. 
USES : 
tmset ( 
i n i t  ( ) 
rtwate() 
cktim() 
p i n t  - w.j 
SOURCE : 
/ j  pw/TIMER/pint . c 
/ j pw/ TIMER/ p in  t-w . m 
/ j pw/ r t  i m e  . f o r  
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TABLE 11. TYPICAL W s z % B  MTA FOR SIXTY PSI looZZLE PRESSURE. 
Peak Thrust 
Steady State Thrust 
Rise Time 
Thrust Duration 
24 
0.641 lb 
0.32 lb 
0.032 seconds 
24 seconds 
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Figure 1 .  The SCOLE experiment apparatus. 
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Figure 2.  Basic SCOLE structural assembly. 
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Figure  3.  S h u t t l e  planform. 
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Figure  4. Mast and manifold assembly.  
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Figure 5 .  Reflector assembly. 
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Figure 6 Universal  j o i n t  suspension point  
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Figure 8a. Shuttle-mounted accelerometers. 
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Figure 12a. Shuttle-mounted, three-axis 
rate sensor. 
Figure 13a. Mast-end-mounted, three-axls 
rate sensor. 
Figure 12b. Coordinates and sensing axls of 
shuttle-mounted rate senspr. 
Figure 13b. Coordinates and sensing axfs of 
mast-end-mounted rate sensor . 
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Figure 16. Typical reaction wheel torque sensitivity curve. 
Figure 17a. Mast-mounted reaction wheels. 
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Figure 17b. Coordinates of mast-mounted 
reactlon wheels. 
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Figure 19. Thruster air supply schematic. 
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Figure 20. Thruster startup and transients. 
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Figure 21. Thrust magnitude and duration. 
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Figure 22a. Ref lector-mounted thrusters. 
Figure 22b. Coordinates of reflector-mounted thrusters. 
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Figure 23. SCOLE computer interfaces  
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Figure 24. Real-time sample lnterval .  
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